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ABSTRACT 
+ + + O2 3 NO The r e a c t i o n  N + 0 has  been  
of c o l l i s i o n  energy us ing  t h e  crossed beam apparatus  
of cons iderable  importance i n  t h e  upper atmosphere. 
s tud ied  a s  a func t ion  
EVA. This process  i s  
The system i s  a l s o  of 
p a r t i c u l a r  i n t e r e s t  because i t  may involve s t rong  i n t e r a c t i o n s  between 
seve ra l  i n t e r s e c t i n g  o r  close-Lying e l e c t r o n i c  su r faces  of NO+ 2 '  
not  t h e  case  f o r  previously wel l - s tud ied  ion-molecule r eac t ions  ( e . g . ,  
A r  
dominated by long-range e l e c t r o s t a t i c  fo rces  (e.g. "polar iza t ion-s t r ipp ing") .  
This i s  
+ + D ) ,  t h e  dynamics of which a r e  c l o s e l y  represented by s i m p l e  models 2 
+ 3 
beams and t h e  angular  and v e l o c i t y  d i s t r i b u t i o n s  of t h e  N O  
Beams of N i n  t h e  ground ( P) s t a t e  were crossed with thermal 
+ 0 
measured. The r e a c t i o n  e x h i b i t s  t h e  asymmetric d i s t r i b u t i o n  c h a r a c t e r i s t i c  
of a d i r e c t  process .  I ts  t r a n s l a t i o n a l  exoe rg ic i ty  (Q) dec l ines  with 
energy, but  above 5eV r e l a t i v e  energy, becomes cons tan t .  These da t a  were 
then cor rec ted  f o r  angular  and energy spreads of t h e  beams. The p o s i t i o n  
of t h e  p l a t eau  i n  Q appears  c o n s i s t e n t  only with product ion of *O( P) and a 
s t a t e  of NO which, with excess energy, d i s s o c i a t e s  t o  N (  S ) and 0 ( S ). 
Considerat ion of t h e  c o r r e l a t i o n  diagram f o r  NO' then i n d i c a t e s  t h e  follow- 
ing  mechanism a s  probable:  A t  moderately l a r g e  sepa ra t ion  N ( P) and 0 ( C ) ,  
o r i g i n a l l y  on a su r face  c o r r e l a t i n g  with l i n e a r  NO (exci ted c ) ,  experience 
$ 1  an e l e c t r o n  jump leading  t o  a s u r f a c e  c o r r e l a t i n g  s i m i l a r l y  with NO ( C- o r  h). 2 
Upon c l o s e r  approach an 0 atom i s  t r a n s f e r r e d  leading  a d i a b a t i c a l l y  t o  
O( p)  + NO ( ). (The l a t t e r  w i l l  d i s s o c i a t e  t o  N(4S0) and 0 ( S ) if 
s u f f i c i e n t  energy i s  ava i l ab le . )  Unlike t h e  r e a c t i o n  t o  g ive  ground s t a t e  
products ,  t h i s  process  i s  only s l i g h t l y  exoergic .  
f a c t  t h a t  so l i t t l e  of t h e  p o t e n t i a l l y  a v a i l a b l e  energy appears  as t ransla-  
t ion .  
product 2 
3 
+ 4 0  + 4 0  
+ 3  3 -  2 
+ 1 +  2 g  
2 
3 + 3 +  + 4 0  
This  accounts f o r  t h e  
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+ 
Reactions of N with 0 are thought t o  be very important + 2 
i n  the  e a r t h ' s  upper atmosphere. A t  a l t i t u d e s  of about  300 km N i s  
L t h e  second most abundant ion. 
N ions a t  t h e s e  a l t i t u d e s  i s  d i s s o c i a t i v e  pho to ion iza t ion  of N which 
would r e s u l t  i n  N 
N l o s s  mechanism i s  r e a c t i o n  wi th  0 
The favored mechanism f o r  production of 
+ 
2 '  
The primary 
+ 1 
v e l o c i t i e s  much g r e a t e r  than thermal. 
2 .  
+ 1 
Because of t h i s  atmospheric importance t h e  r e a c t i o n s  
+ + 
N + 0 2 - + N 0  + O  
and 
0; + N  N + 0 2 d  
+ 
2 -10 
have been t h e  s u b j e c t  of ex tens ive  study. The r e l a t e d  r e a c t i o n s  
and + + 
N + 0 2 + N 0  + O  
have a l s o  been experimental ly  i n v e s t i g a t e !  
(3)  
( 4 )  
A s  a r e s u l t  of L i s  work, 4,11 
d a t a  exist  on t o t a l  c ros s - sec t ions  and t h e i r  dependences on energy f o r  t h e s e  
r e a c t i o n s .  Very l i t t l e  i s  known, however, about t h e i r  mechanisms. 
I n  order  t o  l e a r n  more about t h e  dynamics of t h e s e  r e a c t i o n s  
w e  have s tud ied  r e a c t i o n  (1) i n  a crossed-bdam experiment. 
t h i s  r e a c t i o n  proceeds by a d i r e c t ,  impulsive mechanism. There have been 
several simple models proposed t o  d e s c r i b e  d i r e c t  ion-molecule r e a c t i o n s ,  
notably t h e  "po la r i za t ion  s t r i p p i n g "  12' l3 and t h e   kinem ma ti^"^^' l5 models. 
These models have been q u i t e  s u c c e s s f u l  i n  accounting f o r  c e r t a i n  experimental  
r e s u l t s  simply i n  terms of long-range f o r c e s  and kinematics.  Indeed, t h e  
very success of t h e s e  models led t o  t h e  f e a r  t h a t  ion-molecule r e a c t i o n s  
might be a r e l a t i v e l y  i n s e n s i t i v e  probe of t h e  n a t u r e  of t h e  s h o r t e r  range 
i n t e r a c t i o n s  s p e c i f i c  t o  a given system. 
We f ind  t h a t  
The s tudy of r e a c t i o n s  (1) - ( 4 )  may, however, be  p a r t i c u l a r l y  
+ 
2 
h e l p f u l  i n  understanding t h e  "chemistry" of t h e  NO system. None of t h e s e  
r e a c t i o n s  can be c l a s s i f i e d  as a " typical"  ion-molecule r eac t ion .  
( 3 )  and ( 4 )  e x h i b i t  abnormally small c ros s - sec t ions ,  i n d i c a t i n g  weak o r  
r e p u l s i v e  e f f e c t i v e  p o t e n t i a l s .  Reactions (2) and (3)  are charge t r a n s f e r  
Reactions 
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r e a c t i o n s  and t h e r e f o r e  involve e l e c t r o n i c  t r a n s i t i o n s ,  something 
ignored by t h e  simple models. 
We conclude from t h e  p re sen t  s tudy t h a t  r e a c t i o n  (1) 
a l s o  must involve a non-adiabatic e l e c t r o n i c  t r a n s i t i o n .  W e  observe 
decomposition of N O  product when i t s  i n t e r n a l  energy is  j u s t  s u f f i c i e n t  
f o r  it t o  d i s s o c i a t e  t o  i t s  ground s ta te  fragments. From knowledge of 
t h e  N O  e l e c t r o n i c  s t a t e s ,  i t  can be seen  t h a t  t h i s  r e q u i r e s  t h a t  t h e  + I +  
NO product be formed i n  e i t h e r  of only two e l e c t r o n i c  states, X C 
o r  3c+, n e i t h e r  of which can be formed a d i a b a t i c a l l y  from t h e  i n i t i a l  
channel. From cons ide ra t ion  of t h e  NO p o t e n t i a l  s u r f a c e s  w e  f u r t h e r  
conclude t h a t  i t  i s  l i k e l y  t h a t  r e a c t i o n  (I) involves  an "electron 
jump" p r i o r  t o  "close c o l l i s i o n , "  and t h a t  t h e  r e s u l t i n g  product i s  
e l e c t r o n i c a l l y  exc i t ed  NO ( ). 
+ 
+ '  
+ 
2 
+ 3 +  
I. EXPERIMENTAL 
Experiments were performed wi th  t h e  crossed-beam apparatus  
12 4- 
EVA . The experiments proceed b a s i c a l l y  as follows: N ions are  formed 
by e i t h e r  of t h e  two methods. descr ibed below, mass analyzed i n  a 180 
mass spectrometer and dece le ra t ed  and focused i n t o  a beam of narrow angu- 
l a r  and energy spread by a system of e l e c t r o s t a t i c  lenses .  I n  t h e  c o l l i -  
s i o n  region t h e  ion beam i s  i n t e r s e c t e d  a t  90 by a modulated, thermal 
beam of oxygen (temperature about 5' C ) .  Ions from t h e  c o l l i s i o n  zone 
pass through a d e t e c t i o n  s l i t ,  a s topp ing-po ten t i a l  energy ana lyze r  and 
a 60 s e c t o r  mass spectrometer be fo re  being de tec t ed  by an e l e c t r o n  mul t i -  
p l i e r .  Phase s e n s i t i v e  d e t e c t i o n  of t h e  NO product i s  employed t o  e l i m i -  
n a t e  background problems, and a t i m e  averaging computer i s  used t o  improve 
t h e  s igna l - to -no i se  r a t i o .  
r o t a t a b l e  l i d  of t h e  c o l l i s i o n  chamber, both angular  and v e l o c i t y  d i s t r i -  
butions of t h e  i o n i c  products can be obtained. The apparatus  i s  descr ibed 
i n  d e t a i l  elsewhere. 
0 
0 
0 
+ 
Since t h e  beam sources  are mounted on t h e  
16 
+ 
N ions w e r e  produced by two methods. The f i r s t  was from 
+ 3  N 2 0  by impac t  of 120 Volt  e l e c t r o n s .  
and about 10% N ( S ) ,  according t o  Lindholm's data.17 
Such a beam should con ta in  90% N ( P) 
+ l  
The second was by 
120 V. e l e c t r o n  impact  of a mixture  of He  and N (P(He)/P(N ):20) a t  r e l a -  
2 2 
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18 t i v e l y  high pressures .  This method makes u s e  of t h e  very f a s t  r e a c t i o n  
( 5 )  
+ 2  1 +  1 4 + 3  H e  ( S) + N 2 ( X  Cg ) -, H e (  S)  + N (  S)  + N ( P) , AH=0.28 e .V .  
+ 
Since formation of t h e  f i r s t  excited 4 S  s t a t e  of N 
1.62 e V  endothermic, w e  can be s u r e  t h a t  a l l  N ions s o  formed a r e  i n  t h e  
ground state.  
by t h i s  r e a c t i o n  i s  
+ 
I n  us ing  t h e  la t ter  technique, t h e  i o n i z a t i o n  chamber of  t h e  
primary ion source was modified by c l o s i n g  t h e  ion e x i t  s l i t  t o  a c i r c u -  
l a r  a p e r t u r e  0.5 mm i n  diameter ,  i n  o rde r  t o  decrease t h e  gas leakage 
from t h e  chamber. When t h e  He/N gaseous mixture  was ionized a t  lower 
pressures  (about 10 Torr i n  t h e  i o n i z a t i o n  chamber), t h e  energy spectrum 
of N produced was s e v e r a l  e V  broad. This  corresponds t o  N+ (and perhaps 
some N ) formed d i r e c t l y  by e l e c t r o n  impact. However, when t h e  p re s su re  
was increased a peak of lower energy and narrower spread appeared, due t o  
N formed by t h e  charge t r a n s f e r  between H e  and N2. A t  optimum cond i t ions  
( i o n i z a t i o n  chamber p re s su re  about 10 Torr)  t h e  broad N d i s t r i b u t i o n  was 
n e g l i g i b l e  i n  comparison with t h e  N peak formed by charge exchange. 
2 -4 
+ 
-13 
2 
+ + 
-2 + 
+ 
There was no observable  d i f f e r e n c e  i n  experimental  r e s u l t s  + 
when N ions were produced by e l e c t r o n  impact of N 0 r a t h e r  than by 
r e a c t i o n  ( 4 ) .  Therefore ,  we conclude t h a t  most of t h e  N ions produced by 
t h e  former method are indeed formed i n  t h e  ground s ta te  d i r e c t l y ,  o r  else 
relax t o  t h e  ground s t a t e  be fo re  e n t e r i n g  t h e  c o l l i s i o n  region.  
equ iva len t  high i n t e n s i t y  N ( P) beams wi th  ene rg ie s  down t o  1.8 e V  could 
be obtained by e i t h e r  method.” N 2 0 ,  H e  and 
0 were used f o r  t h e s e  experiments. 
+ 2 
Roughly 
+ 3  
Commercial grade b o t t l e d  N 2’ 
2 
11. RESULTS 
+ Energy and angular  d i s t r i b u t i o n s  of NO formed by r e a c t i o n  
(1) were measured f o r  i n i t i a l  re la t ive ene rg ie s  between 1.2 and 8.3 e V .  
The d a t a  from two t y p i c a l  experiments are  summarized i n  f i g u r e s  I C  and 2C 
by means of t h e  usua l  v e l o c i t y  vec to r  Newton diagrams. 
are constructed t o  r ep resen t  t h e  re la t ive i n t e n s i t y  of t h e  NO product as 
a funct ion of laboratory a n g l e  and v e l o c i t y .  These i n t e n s i t i e s  are  ob- 
t a ined  as follows: t h e  energy d i s t r i b u t i o n  measured a t  each f ixed  labora-  
Contour l i n e s  20 + 
- t o r y  ang le  i s  converted t o  a v e l o c i t y  d i s t r i b u t i o n  by mul t ip ly ing  by t h e  
product l abora to ry  v e l o c i t y  V. The r e s u l t i n g  l abora to ry  v e l o c i t y  d i s t r i -  
- 5 -  
2 21 b u t i o n  i s  then converted t o  t h e  Car t e s i an  system by d i v i d i n g  by V . 
After normalizing so  t h a t  t h e  h ighes t  i n t e n s i t y  5 100, contour l i n e s  of 
cons t an t  i n t e n s i t y  are superimposed on a diagram showing t h e  most probable 
l abora to ry  N 
the c e n t e r  of  mass V 
4- and O2 v e l o c i t i e s ,  t h e  most probable laboratory v e l o c i t y  of 
and t h e  most probable N' - O2 relative v e l o c i t y  CM' 
v.rel* 
I n  a d d i t i o n  t o  t h e  "compI,ete" experiments mentioned above i n  
which both angular  and energy d i s t r i b u t i o n s  w e r e  measured, many "peak 
value" experiments were performed f o r  which t h e  product energy d i s t r i b u -  
t i o n  was measured at only t h e  one Laboratory ang le  corresponding t o  maxi- 
mum product i n t e n s i t y .  The r e s u l t s  of t h e s e  experiments are shown i n  
f i g u r e  3 i n  which t h e  most probable t r a n s l a t i o n a l  e x o e r g i c i t y ,  Q 
p l o t t e d  a g a i n s t  t h e  most probable r e l a t i v e  N 
experimental  q u a n t i t y  def ined by 
i s  
mP 3. - O2 energy. Q is a purely 
Q = Tf - Ti 
where T and T are t h e  i n i t i a l  and f i n a l  r e l a t i v e  ene rg ie s ,  r e spec t ive ly .  i f 
111. INTERPRETATION 
A. QUALITATI. 
Several  important f e a t u r e s  o f  t h e  mechanism of r e a c t i o n  (I) 
can be deduced immediately from t h e  experiments. The NO product i s  ob- 
served t o  be  v i r t u a l l y  e n t i r e l y  "forward" of t h e  c e n t e r  of mass v e l o c i t y ,  
i n d i c a t i n g  t h a t  t h e  mechanism is  d i r e c t :  from t h e  complete Lack of 
symmetry w i t h  r e s p e c t  t o  t h e  c e n t e r  of mass v e l o c i t y ,  one can conclude + 
t h a t  t h e  vast ma jo r i ty  of reactive c o l l i s i o n s  do not involve a n  NO2 
complex with l ifetime comparable t o ,  o r  longer than, i t s  r o t a t i o n  period 
c10-12sec.) e 
s t u d i e d ,  Furthermore, f o r  i n i t i a l  re la t ive ene rg ie s  lower than about 5 eV, 
QmP 23 "' t h e  simple s p e c t a t o r  s t r i p p i n g  (S.S.) model. 
4- 
22 This  i.s t r u e  even a t  t h e  Lowest relative energy (1.2 eV) 
as Shawn i n  f i g u r e  3 f a l l s  q u i t e  c l o s e  t o  Q t h e  va lue  p red ic t ed  by 
levels of f  a t  a 
QW 
For relative ene rg ie s  h ighe r  than 5 e V ,  
roughly cons t an t  va lue  t h a t  i s  less nega t ive  than Q . A t  high i n i t i a l  
relative e n e r g i e s ,  t h e r e f o r e ,  t h e  product NO+ is observed t o  have higher  
v e l o c i t y  than  t h a t  p red ic t ed  by S.S. This  is accompanied by a r educ t ion  
of t h e  width of t h e  product v e l o c i t y  d i s t r i b u t i o n ,  and a r educ t ion  of t h e  
ss 
24-29 t o t a l  r e a c t i o n  c ros s - sec t ion .  These t rends  have previous ly  been observed 
i n  r e a c t i o n s  of t h e  type: 
-I- 4 + +  + X 4 Kz -* X.B+ + K, X = A r  N2 o r  C 0  , 
and have been a t t r i b u t e d  t o  product d i s s o c i a t i o n .  26-29 A product ion  
formed wi th  i n t e r n a l  energy i n  excess of i t s  d i s s o c i a t i o n  energy is l i k e l y  
t o  decompose before  it  reaches the  d e t e c t o r .  Therefore ,  a t  high i n i t i a l  
i e l a t ive  energy,  only those  ions  with h igh  t r a n s l a t i o n a l  (low i n t e r n a l )  
energy w i l l  be  de t ec t ed ;  t h e  low v e l o c i t y  p a r t  of t he  product spectrum 
w i l l  be "eaten away" by d i s s o c i a t i o n ,  r e s u l t i n g  i n  the  observed forward 
s h i f t i n g ,  narrowing of t h e  d i s t r i b u t i o n  and o v e r a l l  reduct ion  of c ros s -  
s ec t ion .  
From conserva t ion  of energy w e  can write: 
Tf = T .  1 4 Ii - If 4- B E o ,  (6) 
where I and 1 a r e  i n i t i a l  and Einal  i n t e r n a l  energies and AE i s  the  i f 0 
exoe rg ic i ty  of t h e  r eac t ion .  I f  w e  assume no product  i s  observed f o r  
which I exceeds t h e  d i s s o c i a t i o n  energy D ,  w e  ob ta in  a Lower l i m i t  
for Q: 
30 
f 
For t h e  p re sen t  experimental  condi t ions  1 can b e  taken t o  be about zero  
s i n c e  thermal 0 is e s s e n t i a l l y  e n t i r e l y  i n  the  ground v i b r a t i o n a l  s t a t e ,  2 
and , as argued previous ly  , t h e  p r ina ry  beam i s  almost completely composed 
of ground s ta te  N ( P )  ions.  
t he  lowest energy fragments N( S ) + 0 ( S ) 3. O (  P) i s  found d i r e c t l y  
from spec t roscopic  d a t a  t o  be -4.15 eV. The horizontaL s o l i d  l i n e  i n  
f i g u r e  3 shows t h i s  lower l i m i t  f o r  Q. The experimental  peak va lue  po in t s  
a l l  l i e  above t h i s  bine, and are t h e r e f o r e  q u a l i t a t i v e l y  c o n s i s t e n t  with 
t h e  d i s s o c i a t i o n  hypothesis .  In order  t o  q u a n t i t a t i v e l y  test t h e  hypo- 
t h e s i s ,  however, we found i t  necessary t o  perform a f a i r l y  ex tens ive  
kinematic a n a l y s i s  of t h e  experimental  d a t a  t o  properLy t ake  i n t o  account 
t h e  e f f e c t s  of f i n i t e  r e so lu t ion .  
i 
4 - 3  The d i f f e r e n c e  
4 0  3-40 3 
Eo-D f o r  d i s s o c i a t i o n  i n t o  
B. QUANTITATIVE 
B r i e f l y ,  t h e  kinematic a n a l y s i s  i s  c a r r i e d  out  i n  t h e  folfow- 
ing way. F i r s t ,  a " reac t ion  model" P (u,  e i s  chosen which, with proper 
T 
- 1  - 
cho ice  of parameters,  w i l l  adequately d e s c r i b e  t h e  p r o d u c l < d i s t r i b u t i o n  
as a funct ion of c e n t e r  of mass s e l o c i t y  u and ang le  e, k h a t  would re- , 
s u l t  from c o l l i s i o n s  of a given i l r i t i a l  r e l a t i v e  energy T. To compare 
' with exper$ment, t h i s  d i s t r i b u e i o n  should,  r i go rous ly ,  be  integrated 
over t h e  f i n i . t e  dimessiuns sf t h e  d e t e c t i o n  s l i t  and s c a t c s r i n g  r eg ion  
as w e l l  as over t h e  f i n i t e  energy and angular  spreads of :the reactant 
beams. Under c e r t a i n  assumptions shown t o  be v a l i d  f o r  t h i s  r e a c t i o n  
t h e  r e s u l t  of t h e  i n t e g r a t i o n  over Lhe f i n i t e  acceptance ang le  of t h e  
s l i t  and t h e  f i n i t e  volume of t h e  s c a t t a r i n g  zone, can be approximated 
by a funct ion G ( 0 ) P  ( ~ , 6 ) . ~ '  
depends l a r g e l y  upon dimensions of t h e  d a t e c t i o n  s l i t  and s c a t t e r i n g  
region;  i.e., it is  c h a r a c t e r i s t i c  of the p a r t i c u l a r  experimental  
apparatus  and only weakly dependent upon the p a r t i c u l a r  chemical 
G ( 8 )  is a complicated func t ion  which T 
32 r e a c t i o n  under i n v e s t i g a t i o n .  For t h i s  eraaLysis, G ( f 3  ) was approxi- 
mated by t h e  func t ion  
(8) 
31 
2 2 j.12 
G (  8 ) = sinh-'Lh/ ( s i n  8 4- i.; ) 1, 
where h and w are parameters which, depeirci on t h e  apparatus .  
The resul t j -ng func t ion  G(6 1; (a, 8 )  w a s  i n t eq ra t ed  over 
t h e  measured r e a c t a n t  beam angular  and energy d i s t r i b u t i o n s  by a p r o -  
cedure very s imilar  t o  t h a t  described by Entemann. 
T 
33 
The r e a c t i o n  model P ( u , e )  f o r  t h i s  r e a c t i o n  was chosen to T 
be  of t he  fol lowing for@: 
(9c) 
The r e a c t i o n  model  def ined by (9) desc r ibes  a Gaussian prcsciuct d i s t r i b u t i o n  
about some a r b i t r a r y  po in t  u i n  v e l o c i t y  space. u i s  a vec to r  whose coordi-  
nates i n  t h e  c e n t e r  of mass system are givert. by u = u and 9" 0; i ' e , ,  the 
model a p p l i e s  only t o  d i r e c t ,  forward s c a t t e r e d  mechanisms, The f a c t o r  
L / f i s i m p l y  weights t h e  c r o s s  - sec t ion  according to t h e  Laitgevin energy 
4 nm 
m 
dependence. For t h e  energfes  and energy spreads considered h e r e ,  t h i s  
f a c t o r  was  found t o  have a n e g l i g i b l e  effect .34 Condition (9b) a s s u r e s  
t h a t  t h e  product cannot be given more energy than is  c o n s i s t e n t  with t h e  
e x o e r g i c i t y  of t h e  r eac t ion .  Relaxing t h i s  cond i t ion  r e s u l t e d  i n  a 
n e g l i g i b l e  change i n  these  c a l c u l a t i o n s .  
(9c),  t h e  r e a c t i o n  model a t t empt s  t o  d e s c r i b e  e a t i n g  away of product 
due t o  d i s s o c i a t i o n  i n  t h e  s imples t  p o s s i b l e  way: P i s  set equal  t o  
zero i f  t h e  product i n t e r n a l  energy exceeds some va lue  I 
With i n c l u s i o n  of cond i t ion  
T 
max 
The model has t h r e e  a d j u s t a b l e  parameters,  t h e  most probable 
t h e  d i s t r i b u t i o n  width A, and t h e  maximum al lowable i n t e r n a l  v e l o c i t y  u 
energy I t (or more c o r r e c t l y ,  t h e  q u a n t i t y  I - AEo).  Af t e r  many 
c a l c u l a t i o n s  with va r ious  va lues  of t h e  parameters,  w e  found t h a t  r e a c t i o n  
model (9) does q u i t e  a c c u r a t e l y  d e s c r i b e  our experimental  r e s u l t s ,  given 
t h e  following choices  of t h e  parameters:  
m y  
max max 
5 
U = u f .05 i .2 x 10 cm/sec, m S S  
u is t h e  v e l o c i t y  p red ic t ed  
SS 
MN 'MO u =  
ss  
%Q;%O 
by s p e c t a t o r  s t r i p p i n g :  
These parameter values  f i t  all experimental  r e s u l t s  over t h e  e n t i r e  range 
of ene rg ie s  s'tudied. 
Note t h a t ,  wh i l e  t h e  b e s t  f i t  was obtained with u chosen m 
s l i g h t l y  forward of t h e  s p e c t a t o r  s t r i p p i n g  v e l o c i t y ,  t h e  e r r o r  l i m i t s  
are such t h a t  w i t h i n  experimental  e r r o r ,  t h e  simple s p e c t a t o r  s t r i p p i n g  
model does c o r r e c t l y  p r e d i c t  t h e  most probable  product v e l o c i t y .  
The width of t h e  product v e l o c i t y  d i s t r i b u t i o n  is found t o  
4- 
be roughly independent of N energy. This  i s  c o n s i s t e n t  with t h e  f e e l i n g  
t h a t  the dominant f a c t o r  i n  producing t h e  f i n i t e  spread of product v e l o c i -  
t ies is t h e  v i b r a t i o n a l  and r o t a t i o n a l  motion of t h e  n e u t r a l  0 molecule, 
Th i s  p i c t u r e  would f u r t h e r  suggest  t h a t  t h e  d i s t r i b u t i o n  be roughly symmetri- 
cal about i t s  most probable va lue ,  which a l s o  appears t o  be born out  by t h e  
experiments. 
2 
4- A s  mentioned above, t h e  spectroscopic  va lue  of D (NO ) - 
+ 4 0  0 4- E f o r  d i s s o c i a t i o n  of NO i n t o  i t s  lowest energy fragments, 0 ( S ) + 
N( S ), is  4.15 eV. For d i s s o c i a t i o n  i n t o  t h e  next  lowest energy channel,  
3 + 3  + O (  P) + N ( P),  t h e  spectroscopic  va lue  of D(N0 ) -&Eo is  5.08 e V .  From 
the c l o s e  agreement of t h e  former value with t h e  experimental  va lue  (loc), 
and t h e  fact t h a t  t h e  l a t t e r  va lue  is w e l l  o u t s i d e  t h e  e r r o r  range given 
by (lQc), w e  conclude t h a t  ehe NO formed by r e a c t i o n  (1) d i s s o c i a t e s  t o  
4-40 4 0  4 - 3  3 0 ( S ) + N (  S ), not  t o  N ( P) I- O( P) or any o t h e r  exc i t ed  species .  
s p e c t i o n  of t h e  e l e c t r o n i c  c o r r e l a t i o n  diagram for NO3- shows t h a t  of  t h e  
e n e r g e t i c a l l y  allowed products,  only NO ( c ) and NO ( C ) d i s s o c i a t e  + a d i a b a t i c a l l y  t o  t h i s  L i m i t .  35'36 Furthermore, t h e  f a c t  t h a t  t he  N O  
d i s s o c i a t e s  as soon as t h e  d i f f e r e n c e  between t o t a l  a v a i l a b l e  energy 
and f inal  t r a n s l a t i o n a l  energy exceeds t h e  d i s s o c i a t i o n  energy of NO 
i n d i c a t e s  t h a t  a l l  of t he  remaining energy goes i n t o  i n t e r n a l  energy of 
-I- 3 
NO . The atomic oxygen product must be formed i n  i t s  ground s t a t e  O (  P I .  
L i t t l e  o r  no v i b r a t i o n a l  o r  r o t a t i o n a l  energy (maximum of about .25 e V )  
i n  excess of t h e  d i s s o c i a t i o n  energy of NO i s  r equ i r ed  t o  cause it  t o  
decompose before  reaching t h e  d e t e c t o r .  
4OO 
4- 
Tn- 
+ 1 +  + 3 +  
+ 
f 
30 
Figures  la  and 2a show t h e  product d i s t r i b u t i o n s  p red ic t ed  
by r e a c t i o n  model (9) for relative c o l l i s i o n  ene rg ie s  of 3.16 and 8.9 e V .  
The parameters were taken t o  be  u u A =  1.6 x 10 cm/sec, and 1 
d E o  4,LT eV.  The dashed circles d e l i m i t  t h e  a r e a  allowed by cond i t ions  
(9b) and (9c).  Figures  l b  and 2b were obtained by i n t e g r a t i n g  t h e  d i s t r i -  
but ions of f i g u r e s  la and 2a over v e l o c i t y  and angular  spreads of t he  c o l l i d -  
ing beams which were measured f o r  t h e  corresponding experiments,  'IC and 2c. 
- 5 
m ss ' max 
The model c a l c u l a t i o n s ,  i n  gene ra l ,  p r e d i c t  a somewhat sharper  
product angular d i s t r i b u t i o n  than t h a t  observed. This i s  not  s u r p r i s i n g .  
For ion-molecule r e a c t i o n s  t h e  s t r o n g  ion-induced d i p o l e  a t t r a c t i o n ,  while  
u s u a l l y  not s u f f i c i e n t  t o  produce much a c t u a l  s p i r a l i n g ,  i s  thought t o  cause 
cons ide rab le  bending of  t r a j e c t o r i e s .  30 ' 34 
t h e  p re sen t  s p h e r i c a l  d i s t r i b u t i o n  model with one which p r e d i c t s  a weaker 
dependence on c e n t e r  o f  mass ang le  than on v e l o c i t y .  Aside from t h i s  small 
discrepancy between angular  d i s t r i b u t i o n s ,  agreement betveen model c a l c u l a -  
t ions and ezperiments is excellent, as can be  seen by comparing f i g u r e s  l b  and 
2b with IC and 2c. 
This would suggest r e p  l ac ing  
The dashed l i n e  of f i g u r e  3 i s  a p l o t  of Q obtained from 
model c a l c u l a t i o n s  us ing  t y p i c a l  r e a c t a n t  beam spreads and the  same model 
parameters as f i g u r e s  1 and 2. 
ment, w i th in  t h e  s c a t t e r  of po in ts .  
spreads ,  t he  model would p r e d i c t  Qm 
i.e., s p e c t a t o r  s t r i p p i n g  a t  l o w  ene rg ie s ,  and Q = - 4.25 eV. when 
d i s s o c i a t i o n  becomes important.  The dev ia t ion  of t he  dashed l i n e  from t h e  
s o l i d  l i n e  i s  due e n t i r e l y  t o  r e s o l u t i o n  e f f e c t s .  
f i g u r e  3 t h a t  t h i s  d e v i a t i o n  i s  s u b s t a n t i a l ,  even though t h e  experiments 
land computer s imula t ions  were performed wi th  r e a c t a n t  beams of r e l a t i v e l y  
narrow angular  and energy spreads.  
th reshold  f o r  product d i s s o c i a t i o n  from the  p re sen t  experimental  Q-value 
p l o t ,  wi thout  a kinematic a n a l y s i s ,  could lead t o  an e r r o r  of as much as 
1 eV. W e  conclude t h a t  i t  i s  important t h a t  a c a r e f u l  k-inematic a n a l y s i s  
be undertaken before  any q u a n t i t a t i v e  conclus ions  are made from crossed-  
beam da ta .  
mp 
This  l i n e  agrees  q u i t e  w e l l  wi th  experi- 
I n  t h e  absence of r e a c t a n t  beam 
t o  be  t h a t  given by t h e  s o l i d  l i n e ;  
P 
mP 
It can be seen from 
I n  p a r t i c u l a r ,  a n  estimate of t he  
I V  D I S C U S S I O N  
12 a - i  a r e  t h e  n ine  Lowest energy channels  f o r  c o l l i s i o n  of + 38 N with 02, 
3 + 13. N+(3P) + 02(X3C,) I) O( P> + NO (X C ), BH = -6.60 e V  
-+ o ( ~ P )  3- N O + ( ~ ~ O ,  AH = 0.62 (12i) 
A H  f o r  each r e a c t i o n  channel  was  obeained us ing  t h e  atomic energy 
levels and i o n i z a t i o n  p o t e n t i a l s  t abu la t ed  by Moore ,39 t h e  e l e c t r o n i c  
energy levels and d i s s o c i a t i o n  ene rg ie s  of NO and 0 given by Herzberg, 40 2 
and t h e  ion iza t ion  thresholds  of NO and O2 reported by Al-Joboury and 
36 and Edqvist ,  et. a l .  
+ Five of t he  above channels r e s u l t  i n  formation of NO 
product,  However, t h e  a n a l y s i s  of t he  preceding s e c t i o n  shows t h a t  t h e  
NO product must be either NO ( C ) or  NO ( c ), and t h a t  t h e  0 product 
must be O( P). 
con t r ibu to r s  t o  formation of NO i n  t h i s  r eac t ion .  This  is shown i n  
Table I which g ives  the  maximum value  fo r  which NO d i s s o c i a t i o n  could 
occur €or each of the  p o s s i b l e  channels.  
4- 4-14- + 3 +  
3 Therefore  only channels a and f can b e  poss ib l e  important 
4- 
+ 
I n  f i g u r e  4 w e  have attempted t o  g ive  a schematic p i c t u r e  
of t he  c o r r e l a t i o n  between t h e  var ious  r e a c t i o n  channels.  For convenience, 
w e  have labeled t h e  states of NO according t o  t h e  symmetry p rope r t i e s  of 
t h e i r  l i n e a r  NO0 conf igura t ions .  Except f o r  the  lowest state, the  energy 
Levels of NO a r e  not  Therefore ,  t h e  pos i t i ons  and even t h e  order  
of t he  states of NO ind ica ted  by dashed l i n e s  i n  f i g u r e  4 a r e  extremely 
uncer ta in ,  N o  q u a n t i t a t i v e  e s t ima te  of t h e i r  energ ies  is intended. 
+ 
2 + 
+ 
2 + 
2 
We can nonetheless  make some t e n t a t i v e  conclusions from t h i s  
c o r r e l a t i o n  diagram. The i n i t i a l  channel ,  h ,  c o r r e l a t e s  a d i a b a t i c a l l y  w i t h  
r e a c t i o n  channel d ,  through a state labe led  C e Since channel d i s  not  
observed, t h e  r e a c t i o n  must occur by a non-adiabatic rnechani~m,'~ and from 
t h i s  and t h e  l a r g e  c ros s - sec t ions  o f ' bo th  r e a c t i o n s  (1) and (2), t h i s  non- 
a d i a b a t i c  t r a n s i t i o n  must be very e f f i c i e n t .  
+ 3 
I +  
The NO2 s t a t e  labeled T i n  f i g u r e  4 c o r r e l a t e s  with a and 
3 c,  both of which are poss ib l e  products.  Re la t ive  t o  separa ted  O( P) and 
+ I +  44,45 NO (X C ), i t  i s  expected t o  be r epu l s ive  by analogy with C02 and N20. 
It is  not  c l e a r  whether i t  is a t t r a c t i v e  o r  r epu l s ive  r e l a t i v e  t o  separated 
N( S ) and 02(X$Kg). I n  f i g u r e  4 i t  i s  drawn s l i g h t l y  a t t r a c t i v e ,  and as 
such does not  i n t e r s e c t  t h e  state connecting h and d. I f  they do i n  
f a c t  intersect, then t h e r e  is  l i t t l e  chance of  channel a playing an  important 
p a r t  i n  r e a c t i o n  (1). I f  they do i n t e r s e c t  it would s t i l l  r e q u i r e  a non- 
a d i a b a t i c  t r a n s i t i o n  between states of d i f f e r e n t  s p i n  m u l t i p l i c i t y  t o  produce 
channel c. The very small c ross - sec t ion  of t h e  r e a c t i o n  0 
a t t r i b u t e d  t o  t h e  f a c t  t h a t  a non-adiabatic t r a n s i t i o n  between s t a t e s  of 
d i f f e r e n t  s p i n  m u l t i p l i c i t y  i s  required f o r  t h e  r e a c t i o n  t o  proceed a t  very 
l o w  ene rg ie s ,  and t h a t  such a t r a n s i t i o n  i s  unl ike ly .  46-48 
4 0  -4-2 
14- 
+ + 
4- N2 -, NO has been 
S imi l a r ly ,  i n  
t h e  p re sen t  system it does n o t  appear probable t h a t  t h e  t r a n s i t i o n  
p r o b a b i l i t y  between t h e  s u r f a c e  c o r r e l a t i n g  with h and t h a t  c o r r e l a -  
t i n g  wi th  a and c could be l a r g e  enough t o  account f o r  t h e  observed 
cross-section. 49 
I n  any case, it seems l i k e l y  t h a t  t h e  s t a t e  c o r r e l a t i n g  
with f and g i s  p r imar i ly  involved. This  s u r f a c e  is  a s i n g l e t ,  s o  no 
s p i n  t r a n s i t i o n  would be involved, and from t h e  knawn energies  of t h e  
r e s u l t i n g  products,  i t  must c r o s s  t h e  s u r f a c e  c o r r e l a t i n g  with incoming 
channel h. 
channel g ,  i t  is  f u r t h e r  l i k e l y  t h a t  t h e  s u r f a c e  c r o s s i n g  occurs at 
f a i r l y  l a r g e  d i s t a n c e s  a s  t h e  N and 0 approach. I f  t h i s  con jec tu re  i s  
c o r r e c t ,  t h e  r e a c t i o n  can be p i c tu red  as a two-step process:  a n  e l e c t r o n  
jump a t  moderately l a r g e  s e p a r a t i o n  followed by a c o l l i s i o n  r e s u l t i n g  
e i t h e r  i n  O( P) f NO ( C ), ( r e a c t i v e  c o l l i s i o n ) ,  o r  0 2 ( X  fig) + N (  D ) ,  
(no f u r t h e r  r e a c t i o n ) .  E i t h e r  channel,  g o r  h ,  r e s u l t s  i n  e l e c t r o n i c a l l y  
exc i t ed  product.  
Because of t h e  near-degeneracy of t h e  incoming channel and 
+ 
2 
3 + 3 +  + 2  2 
I n  t h e  l i g h t  of t h i s  d i scuss ion ,  it i s  no t  s u r p r i s i n g  t h a t  
4- 
2 
r e a c t i o n  (I) does not  involve a long-lived c o l l i s i o n  complex. NO is 
known t o  be s t r o n g l y  bound i n  i t s  ground e l e c t r o n i c  s t a t e ,  s o  t h e r e  does 
exist  a deep p o t e n t i a l  w e l l  t h a t  could poss ib ly  t r a p  t h e  i n t e r a c t i n g  atoms. 
But a non-adiabatic t r a n s i t i o n  from t h e  incoming channel t o  t h e  lowest 
s u r f a c e  appears very improbable, s i n c e  no c r o s s i n g  o r  avoided c r o s s i n g  
exists. This is ind ica t ed  experimental ly  by t h e  apparent  absence of 
channel b ,  which might be expected t o  be a major product of decomposition + l +  
of NO2 (X c >. 
It is  no t  unreasonable t o  expect t h a t  t h e r e  might be a s t r o n g  
c o r r e l a t i o n  between t h e  exothermici ty  of a r e a c t i o n  and t h e  r e s u l t i n g  pro- 
duc t  t r a n s l a t i o n a l  energy. I n  f a c t ,  F rank l in  and Haney have observed such 
a c o r r e l a t i o n  i n  ion-molecule r e a c t i o n s  involving t r a n s f e r  of a hydrogenic 
species.50 For t h i s  c o r r e l a t i o n  t o  be v a l i d  f o r  t h e  p re sen t  system, t h e  
l a r g e  exothermici ty  (6.60eV) of r e a c t i o n  (I) would r e q u i r e  t h a t  t h e  product 
t r a n s l a t i o n a l  energy be f a r  g r e a t e r  than t h a t  p red ic t ed  by s p e c t a t o r  s t r i p -  
ping. 
t h a t  p red ic t ed  by s p e c t a t o r  s t r i p p i n g  is c o n s i s t e n t  w i th  t h e  proposed forma- 
t i o n  of e l e c t r o n i c a l l y  exc i t ed  NO ( C ), thereby us ing  up 6.31 e V ,  m o s t  
of t h e  excess energy suppl ied by t h e  exothermicity.  
The f a c t  t h a t  t h e  observed product t r a n s l a t i o n a l  energy is  c l o s e  t o  
+ 3 +  36 
5 1  
A s  discussed earlier,  none of t h e  simple models of d i r e c t  
r e a c t i o n s  t a k e  i n t o  account t h e  d e t a i l e d  n a t u r e  of t h e  chemical fo rces  
involved, and as a r e s u l t  are u s e f u l  only when t h e  short-range e f f e c t s  
are "normal" o r  unimportant. Reaction (11, for which w e  propose an 
electron-jump mechanism, lies ou t s ide  t h e  scope of  t hese  models. I n  
p a r t i c u l a r ,  t h e  p o l a r i z a t i o n - s t r i p p i n g  model ( r e f .  12) could e a s i l y  
be extended t o  systems which d e v i a t e  from ion-induced d i p o l e  f o r c e s ,  
provided t h a t  a reasonable  long-range form of t h e  p o t e n t i a l  could be 
esti inated,  and, i n  a d d i t i o n  t h a t  t h i s  estimate be a t  least approximate.ly 
v a l i d  a t  t h e  r e a c t i o n  r a d i u s  ro. 
fact t h a t  t h e  r e a c t i o n  does n o t  proceed on a s i n g l e  a d i a b a t i c  p o t e n t i a l  
s u r f a c e  makes i t  very d i f f i c u l t  t o  estimate t h e  necessary p o t e n t i a l s .  
Without such estimates, t h e  p o l a r i z a t i o n - s t r i p p i n g  model cannot be 
app l i ed  i n  a meaningful way. 
For t h e  p re sen t  system, however, t h e  
The apparent  agreement of our  r e s u l t s  with one aspect of 
t h e  s p e c t a t o r  s t r i p p i n g  p i c t u r e ,  i.e., i ts  a c c u r a t e  p r e d i c t i o n  of t h e  
most probable product v e l o c i t y ,  should a l s o  no t  be taken s e r i o u s l y .  
T h r e  are s e v e r a l  o the r  r e a c t i o n  models which, though d i f f e r i n g  con- 
s i d e r a b l y  from t h e  s p e c t a t o r  s t r i p p i n g  p i c t u r e  on the  microscopic 
mechanistic l e v e l ,  s t i l l  r e s u l t  i n  very s i m i l a r  macroscopic p red ic t ions .  
For example, t h e  hard sphe re  model proposed by SuplinskasL4 is  con- 
c e p t u a l l y  very d i f f e r e n t  from s p e c t a t o r  s t r i p p i n g ,  
t i o n  of t h e  hard sphere model t o  t h e  Ar - D2 system'' has r e s u l t e d  i n  
a p red ic t ed  most probable  A r D  product v e l o c i t y  t h a t  it almost exac t ly  
equal  t o  t h e  s p e c t a t o r  s t r i p p i n g  p red ic t ion .  
t h e r e f o r e ,  t o  make any conclusion from t h e  p re sen t  experiment about t h e  
v a l i d i t y  of t h e  bas i c  assumption of  t h e  s p e c t a t o r  s t r i p p i n g  model. 
Y e t  a r ecen t  app l i ca -  + 
f 
It would be dangerous, 
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TABLE I. 
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for which NO dissociation can occur. dissoc’ The maximum Q value, Q 
Channel NO+ 0 
3P 
3P 
3v 3P 
ID 
l S  
I +  c 
3 4 -  c 
l +  r: 
14- c 
-D Qdissoc 
6.60 eV -10.75 eV -4.15 eV 
0.29 - 4.44 -4.15 
-0.62 - 4.46 -5.08 
4.63 -10.75 -6.22 
2.41 -LO, 75 -8.34 
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FIGURE CAPTIONS 
-I- Figure 1. Newton diagrams showing t h e  r e l a t i v e  i n t e n s i t y  of NO 
from N + O with relative energy of 3.17 eV. a. Two dimen- 
s i o n a l  d i s t r i b u t i o n  p red ic t ed  by t h e  r e a c t i o n  model given by 
Eq. 9. b o  D i s t r i b u t i o n  i n  a plane of f i n i t e  thickness  def ined 
by sources  and d e t e c t o r .  This r e su l t s  from mult iplying d i s t r i -  
bution a )  by G ( 8 )  (causing narrowing), and taking i n t o  account 
experimental  i n i t i a l  beam spreads.  c. Experimental product 
d i s t r i b u t i o n  e 
Newton diagrams f o r  i n i t i a l  N' - 0 
eV., obtained i n  t h e  same way as  Fig.  1. 
product 
-I- 
2 
Figure  2. relative energy of 8.29 2 
Figure  3 .  Most probable  Q va lues  as a func t ion  of i n i t i a l  re la t ive 
energy. The circles are experimental  po in t s .  The s o l i d  
l i n e  assumes s p e c t a t o r  s t r i p p i n g  f o r  low i n i t i a l  ene rg ie s ,  
and f o r  higher  i n i t i a l  e n e r g i e s ,  Q = -4,15 e V  ( the  va lue  of 
m0 - D f o r  NO 
The dashed l i n e  is  t h e  Q p l o t t e d  a g a i n s t  t h e  most probable 
c o l l i s i o n  energy. It i s  c a l c u l a t e d  assuming t h e  s p e c t a t o r -  
s t r i p p i n g ,  d i s s o c i a t i o n  a t  Q = -4.15 e V  model, bu t  t ak ing  i n t o  
account t y p i c a l  experimental  beam spreads.  
-I- d i s s o c i a t i o n  i n t o  i ts  lowest energy fragments). 
mp 
F igure  4 .  Ten ta t ive  e l e c t r o n i c  c o r r e l a t i o n  diagram f o r  NO+ S t a t e s  
are l abe led  according t o  t h e i r  l i n e a r  NOO' designat ions.  
Caution: 
2' 
The diagram i s  q u a n t i t a t i v e l y  extremely unce r t a in .  
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